Excessive activation of the N-methyl-o-aspartate (NMDA) receptors, one of the receptor subtypes of excitatory amino acids, has been implicated in the neuronal injury related to various pathological con ditions: cerebral anoxia (Rothman, 1984) , ischemia (Simon et aI., 1984), status epilepticus (A voli and Olivier, 1987), hypoglycemia (Wieloch, 1985) and neurodegenerative diseases (Plaitakis et aI., 1982). Concomitant massive Ca2+ entry into the neurons via the NMDA receptor-operated ion channels (NROCs) has been hypothesized to be a final com mon pathway leading to an irreversible neuronal in-
over the exposed cortex induced an elevation of the [Ca2 + l signal ratio (4001506 nm), biphasic changes in NAD/NADH redox state (initial oxidation followed by progressive reduction), and characteristic changes in the EEG (abrupt depression in amplitude followed by an ex citatory pattern of 18-22 Hz polyspikes or sharp waves). These changes were completely blocked by treatment with MK-801 and reduced by nimodipine. The mecha nism underlying the protective effects of systemically administered MK-801 on the NMDA-induced neuronal injury was verified in vivo. Key Words: Cytosolic free calcium-Electroencephalogram-Indo-I-MK-80 1-Nimodipine-N-methyl-o-aspartate (NMDA) receptors.
jury (Schanne et aI., 1979; Siesj6, 1981 Siesj6, ,1986 ). In the past 3 years, the noncompetitive NMDA receptor antagonist MK-801 [( + )-5-methyl-l 0,1 I-dihydro-5H-dibenzo{a,d}cyclohepten-5,10-imine maleate] (Clineschmidt et aI., 1982) has attracted consider able attention due to its protective effect against ischemic neuronal damage in a number of experi mental models (M cD onald et aI., 1987; Gill et aI., 1987 Gill et aI., ,1988 Church et aI., 1988; Kochhar et aI., 1988; Ozyurt et aI., 1988; Park et aI., 1988a,b; Hat tori et aI., 1989; Olney et aI., 1989; Rod and Auer, 1989) . MK -80 I is expected to attenuate Ca2 + entry, acting on the NROCs (Wong et aI., 1986) . It has not been demonstrated in vivo that systemically admin istered MK-801 is able to block Ca2+ entry during excessive activation of the NMDA receptors.
We have recently developed a new fluorometric technique with indo-I, a fluorescent [Ca2 +]i indica tor, in order to make simultaneous measurements of changes in [CaH] i and nicotinamide adenine dinu cleotide (NAD )/ reduced NAD (NADH) redox state from the cat cortex in vivo (Uematsu et aI., 1988) . In an attempt to clarify the mechanism underlying the protective effects of MK-801 against NMDA-induced neuronal injury in vivo, in this study we measured alterations of [Ca2+L NAD/NADH re dox state, and the EEG during activation of the cortical NMDA receptors and investigated the ef fects of MK-801 and nimodipine on NMDA-induced phenomena in vivo.
MATERIALS AND METHODS
The procedure used has been described elsewhere (U e matsu et at., 1988) . In brief, adult male cats weighing 2.3-3.5 kg were anesthetized by inhalation of halothane with induction and maintenance doses of 5 and 1%, re spectively. Under controlled ventilation, the femoral ar tery and vein were cannulated. The lingual artery was also cannulated in order to obtain cerebrovascular he modilution curves by bolus injections of saline. A quartz cranial window equipped with inlet-{)utlet tubing and a pair of EEG electrodes was placed over the exposed cor tex. For loading of indo-I into the cortex, artificial cere brospinal fluid (ACSF) containing 7 f-lM membrane permeant indo-I acetoxymethyl ester (indo-I-AM) (Mo lecular Probes Inc, Eugene, OR, U.S.A.) was superfused over the exposed cortex for 2 h; indo-I-AM is able to penetrate into the cortex approximately 500 f-lm in depth and is converted by the action of intracellular esterase to indo-I, which is then trapped in the cells as a specific Ca2 + indicator. The remaining extracellular dye was washed out by rapid superfusion with ACSF. A small cortical area of interest was intermittently illuminated with ultraviolet rays (340 nm), and optical signals includ ing indo-I-Ca2 + fluorescence (400 and 506 nm) and NADH fluorescence (464 nm) and reflectance (340 nm) were recorded by four photomultiplier tubes with appro priate barrier filters. The NADH signals were corrected for changes in reflectance, and the indo-I-Ca2 + signals were corrected for changes in both NADH and reflec tance as described elsewhere (U ematsu et at., 1988) . The corrected calcium signal ratio (400/506 nm) was utilized as a measure of changes in [Ca2 +]j' To minimize photo bleaching of indo-I, the optical measurements were per formed every 2 min for � 3 s.
In seven animals, 100 f-lM NMDA dissolved in ACSF was superfused over the cortex for 15 min (NMDA group). In six animals, MK-801 (2 mg/kg) was adminis tered intravenously 20 min prior to the NMDA superfu sion (MK group). In another six animals, 50 f-lM nimo dipine in ACSF was superfused for 20 min prior to the NMDA superfusion (NI group). In all groups, the cortical surface was superfused with ACSF for 20 min following the NMDA superfusion. The millimolar composition of the ACSF was as follows: Na +, 140; K +,2.5; Ca2 +, 1.5; Mg2+, 1.2; 130; 14.5; glucose, 3.3 ; N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 10; and the pH was 7.35. The cat's core tem perature was maintained at 37°C by means of a thermo statically controlled heating lamp and superfusate warmed to 37°C at the brain surface throughout the ex periment.
For the statistical analyses, an analysis of variance (ANOV A) was performed to compare the data from the three groups. If the p value was <0.05, Fisher's least significant difference procedure (FLSD) was utilized to evaluate the difference between each pair from the three
groups. ANOV A for repeated measures was used for sta tistical evaluation of the time course of each parameter. The difference was considered statistically significant if the p value was <0.05. All values were expressed as the mean ± SD.
RESULTS

Alterations in cytosolic free calcium
In the NMDA group, the Ca2+ signal 1 (400 nm) corrected for changes in both reflectance and NADH fluorescence started to increase and the cor rected Ca2+ signal 2 at 506 nm decreased following NMDA superfusion (Fig. 1) . Therefore, the mean Ca2 + signal ratio started to increase immediately following the NMDA superfusion, remaining at a significantly high level during the NMDA superfu sion. In the animals pretreated with MK-801, the Ca2+ signal ratio did not increase throughout the NMDA superfusion, while in the animals pretreated with nimodipine, the Ca2+ signal ratio increased transiently for the initial 2 min of the NMDA super fusion and then returned to the resting level (Fig. 2) .
NAD/NADH redox state
In the NMDA group, NADH fluorescence cor rected for reflectance decreased for the first 2 min and began to increase, exceeding the resting level (Fig. I) . Thus, the NAD/NADH redox state became oxidized for the first 2 min and then reduced grad ually during the remainder of the NMDA and ACSF superfusion periods. In the MK group, the redox state remained unchanged throughout the NMDA and ACSF superfusion periods; in the NI group, it was oxidized for the first 2 min and gradually re turned to the resting level (Fig. 3) .
Electroencephalographic changes
In the NMDA group, the mean EEG amplitude was drastically reduced immediately following the superfusion with NMDA and remained significantly reduced throughout the NMDA and ACSF superfu sion (Fig. 4) . Four of seven animals showed a tran sient excitatory pattern of EEG consisting of 18-22 Hz regular polyspikes or sharp waves at 4 ± 1 min following the NMDA superfusion (Fig. 5A ). In the MK group, the pretreatment with MK-801 induced a burst-suppression pattern of EEG 5 ± 1 min fol lowing MK-801 administration. The EEG amplitude remained unaltered following the subsequent super fusion with NMD A (Fig. 5B ). Animals pretreated with nimodipine showed a less pronounced reduc tion in the EEG amplitude during the NMDA su perfusion compared to those of the NMDA group (Fig. 4) .
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The present study demonstrates that an excessive activation of the cortical NMDA receptors in vivo induces an elevation of cytosolic free calcium in the cortex, biphasic changes in the NAD/NADH redox state, and a characteristic EEG pattern consisting of a reduction in the amplitude followed by a burst of regular sharp waves. Systemic pretreatment with MK-801 blocked all of these NMDA-induced phe- nomena, while pretreatment with nimodipine atten uated these phenomena. Glutamate, an excitatory neurotransmitter and a putative excitotoxin, acts on the quisqualate and kainate receptors as well as the NMDA receptors. In order to clarify pure NMDA induced phenomena and antagonistic effects of MK-801 and nimodipine in vivo, we used NMDA instead of glutamate. The NMDA receptors are present in the superficial cortical layers (Cotman et aI., 1987) , from which the tluorometric signals in o Nt.CDA only this technique originate (Uematsu et aI., 1988) . Ba sically, we are measuring mean changes in [Ca2+]j from both neuronal and glial cells. Usowicz and as sociates (1989) recently reported that glial cells pos sess quisqualate-and kainate-receptor channels but lack receptors for NMDA. Excessive activation of the NMDA receptors and a concomitant Ca2 + entry have been implicated in neuronal injury following several CN S insults (Plaitakis et aI., 1982; Roth man, 1984; Simon et aI., 1984; Choi, 1985 Choi, ,1987 Wieloch, 1985; Garthwaite et aI., 1986; A voli and Olivier, 1987; Choi et aI., 1988; Hahn et aI., 1988) . The present in vivo results are consistent with pre vious in vitro evidence that an excessive application of glutamate or NMDA to cultured neurons induces cellular swelling and an increase in [Ca2+]j, and fi nally leads to neuronal death (Choi et aI. , 1988; MacDermott et aI., 1986) . Two major routes of Ca2+ entry have been proposed: the NMDA recep tor-operated ion channels (NROCs) opened during activation of the NMDA receptors and the voltage sensitive Ca2 + channels (VSCCs) opened during depolarization of the plasma membrane (Miller, 1987) . Judging from the dramatic depression of the EEG, it is likely that the cortical neurons were de polarized by the superfusion of NMDA. Neuronal depolarization occurs in such pathological condi tions as cerebral ischemia/anoxia, severe hypogly cemia, and status epileptic us in which the endoge nous excitatory amino acids such as glutamate and aspartate increase (Benveniste et aI. , 1984) . In the first two conditions, severe energy failure can also cause neuronal depolarization (H arris et aI., 1981,1984) . Under these pathological conditions, the blocking effect of extracellular Mg2+ on Ca2+ entry via the NROCs is known to be prevented by the neuronal depolarization (M ayer et aI., 1984) . Therefore, Ca2 + can enter the neurons through both NROCs and VSCCs. In an attempt to block each component of Ca2+ entry, MK-801 and nimo dipine were used in this study. Recent in vitro stud ies have shown that MK-80l attenuates the NMDA activated currents and Ca2 + entry (Huettner and Bean, 1988; Karschin et aI., 1988; Michaels and Rothman, 1990; Abele et aI., 1990) . We demon strated that systemically administered MK-801 completely blocked the NMDA-induced [Ca2+]j in crease. The effects of nimodipine are postulated to be via a reduction of voltage-dependent Ca2 + entry by its action on the L-type VSCCs (N owycky et aI., 1985) with an attenuation of the neuronal depolar ization. We applied a high concentration of nimo dipine; therefore, a nonspecific action on the NROCs cannot be excluded in this study. Further study is needed using lower doses of nimodipine with intravenous administration. The initial oxidation of the mitochondrial NAD/NADH redox state in the NMDA group can be explained by an enhanced oxidative phosphory lation due to neuronal excitation (Woolf, 1987) as well as an increase in energy consumption related to mitochondrial Ca2+ uptake (Chance, 1965) . The subsequent reduction may reflect metabolic depres sion in the mitochondria, which accumulated exces sive Ca2..-during prolonged activation of the NMDA receptors. A recent report indicated that a reduced state increases NMDA receptor-mediated neuronal toxicity (Levy et aI., 1990) . Initially, mi tochondria can take up Ca2 +, consuming energy (A TP), which leads to oxidation of the redox state. Once the Ca2 + load reaches a certain critical level, the accumulated Ca2+ becomes deleterious to the mitochondria, disturbing their function. Thus, the mitochondrial NAD/NADH redox state becomes reduced. At this stage, the mitochondria cannot ac cumulate Ca2+ any more, which causes a further increase in cytosolic free Ca2 + and neuronal toxic ity.
In the past 3 years, the protective effects of MK-801 on ischemic neuronal degeneration have been reported in a number of experimental models of ischemia (Gill et aI., 1987 (Gill et aI., ,1988 McD onald et al., 1987; Church et aI., 1988; Kochhar et aI., 1988; Ozyurt et aI., 1988; Park et aI., 1988a,b; Hattori et aI., 1989; Olney et aI., 1989; Rod and Auer, 1989) . Under pathological conditions such as cerebral ischemia and hypoglycemia, a significant Ca2 + in flux also occurs via VSCCs due to neuronal depo larization caused by an energy depletion. A recent study suggests that dual blockade of the NROCs and the VSCCs using both MK-801 and nimodipine is more effective in terms of attenuation of both Ca2 + influx and ischemic brain damage than a sin gle treatment with MK-801 (Uematsu et aI., 1991) . The present in vivo study elucidates a potential mechanism underlying these protective effects: sys temically administered MK-801 can potently block all NMDA-induced responses including Ca2+ In flux, redox changes, and EEG deterioration.
